Certain modifications of the usual signals were by these means discovered which materially increased the rate of legible transmission.
These experiments were all made on one cable, and do not therefore refer to the effects produced by a change of dimensions or m aterials; they will now be described in detail, and the connexion of the results with the mathematical theory will then-be mentioned.
The Red Sea cable only was used in all the experim ents; the external diameter of the insulated wire was 0*34inch; the gutta percha weighed 212lbs. per knot; the conductor was a copper strand of seven wires, and weighed 180 lbs. per knot. The extreme diameter of the strand was about 0*105 inch, and the ratio of the external to the internal diameter of the gutta percha sheath may be taken as 3*4. The resistance of the conductor per knot was 2 5 x l 0 7 British absolute units.
The first experiment was made on July 26th, 1859, with 2168 knots disposed in ten coils, each about 26 feet in diameter, and held in a dry iron tank; the cable A C X , the battery B, a Morse key M, a galvanometer G, and the two earth-plates E E were con nected as in fig. 1 , Plate X L IX .
The effect at the end X produced by connecting the cable at A alternately with the battery and the earth-plate by means of the key was observed on the galvanometer G, being Professor T h om so n's marine galvanometer.
The suspended magnet m of this galvanometer carried a little mirror n reflecting the image of a flame B on to a scale A about 26 inches off, as shown in fig. 2 . The zero of the scale was in the middle, and each division was equal to ^-th of an inch. The coil C is shown in section, and the little lens L in its position in front of the mirror.
The deviations of the spot of light from the centre measured on the scale were sensibly proportional to the strength of the current causing the deflection, when the deviations did not exceed 200 divisions.
The little magnet was powerfully directed by a fixed external steel magnet N S. The weight of the moveable magnet and mirror was about g rain ; the inertia of the moving parts was consequently so small, and the directing force so great, that the varia tions of a rapidly changing current were accurately represented by the movements of the spot of light along the scale. W hen the Morse key ( fig. 1 ) was pressed down, the spot of light remained apparently motionless for a short but sensible time, then shot along the scale, moving rapidly at first, but gradually losing speed, until at last it moved very slowly to a maximum deviation, at which it remained quite still: these movements truly showed the gradual change of the received current from nothing to a maximum, a change requiring fifty seconds for its completion. During the latter part of this time the movement of the spot was slow enough to allow the moment at which it passed any given division of the scale to be pretty accurately fixed. Two observers were wanted, one noting by the seconds hand of a watch the interval between the sound of the contact made by the Morse key, and the sound of a little blow struck by the other at the moment when the spot passed the given division.
Only one observation could in general be made each time the current entered the cable. The results of the observations are given in Table I .
The maximum current from a battery of 72 Daniell's cells caused a deviation of 130 divisions. The strength of this permanent current depends simply on the electromotive force of the battery and the resistance of the various parts of the circuit, being quite independent of the inductive phenomena.
The first column shows the number of seconds during which the current had been flowing into the cable when the spot had reached the division of the scale entered immediately beneath in the second column. The third column shows the percentage of the maximum deviation, or strength of current, to which the figures in the second column correspond. Thus, when the Morse key had been pressed down for eight seconds, the spot of light was just passing the 100th division of the scale, showing that the current had attained 77 per cent, of its maximum strength. One part of the arrivalcurve might be constructed by using the entries in the first and third columns as coordinates.
The whole curve could not be obtained because the movement of the spot of light during the first four seconds was too rapid to allow of observation. Table II . contains a similar set of observations made with 36 Daniell's cells instead of 72. By comparing the third lines of the two Tables, it is seen that the same percent age of the maximum strength is reached in the same time with both batteries, or, in other words, that the electromotive force o f the battery has no appreciable effect on the velocity with which the current is t r a n s m i t t e d . All the variations of the received current are therefore in the Tables reduced to percentages, or to the variations which would have been observed if the permanent current due to the battery used had produced a maximum deviation of 100 divisions in each case. This condition could have been practically fulfilled, but was thought unnecessary, as no change of the battery would have altered the percentage of variation observed in the received current. Table III . shows some observations for the arrival-curve with 1500 knots of cable in circuit. Table V II. contains the result of a similar investigation for 1006 knots. The first and second columns of this Table contain similar entries to those in Table I . ; the third column shows the division passed by the spot when the current was falling, after the Morse key had been released for the number of seconds entered above in the first column.
Thus, after the end A of the charged cable had been put in connexion with the earthplate E ( fig. 1 ) for 14J-seconds, the spot was just falling past the 15th division of the scale. As the maximum deviation had been 277 divisions, the spot had, during these 14 j seconds, traversed 262 divisions of the scale, or the received current had diminished 94-6 per cent, in th at time. The fourth and fifth columns give these two numbers. It will be seen from these columns that, measuring from the starting-point, the spot of light traversed the same distance on the scale in the same time when the current was failing as when it was rising. From this we conclude that vote o f decrease in the current received at X after the contact had been made fo r a given time with earth at A, was the same as the rate o f increase observed after making contact with the battery at A fo r an egual time. Table X II. contains a very perfect set of similar observations with 2192 knots in circuit. The arrival-curves for 1006 knots and 2192 knots constructed from Tables VII. and X II. are shown in fig. 7 , Plate L.
The same connexions ( fig. 1 ) were used to test the effect of practical signals, the Morse key being moved up and down in time with a metronome. The signals sent were the dot and dash, or dot and line, singly and combined. These signals are the simplest of all, but the conclusions drawn from them are applicable to all other signals depending on the time during which a given strength of current flows.
The headings of the several columns explain the contents of Table IV ., which shows the observations made when various signals were sent at various speeds through 1500 knots of cable. Tables VI., X III., and X IV . contain similar observations made with other lengths of cable in circuit. I t should be observed that the effects recorded are those which occur when the same cycle of operations has been constantly repeated for some time, and are quite distinct, as will presently be shown, from the effects produced when signals of the same kind are for the first time sent through the cable.
The first set of observations recorded in Table IV . may be explained as follows. The metronome was set so as to beat 130 times in the minute. The Morse key alternately connected the cable at A with a battery of 72 Daniell's cells, and with the earth-plate for 0*462 second. The signals sent are called dots, because the sixty-five short con tacts with the battery, each followed by an equal contact with the earth, would, through a short cable or air line, have transmitted sixty-five distinct currents, each capable of printing on the common Morse receiving instrument sixty-five equally spaced dots. W hile the contacts were regularly repeated, the spot of light moved steadily back and forward from the 85th to the 80th division of the scale. By reducing these deviations to a percentage of the maximum deviation (200 divisions), we obtain the numbers 42*5 and 40. The variation of the strength of the received current was therefore 2^ per cent. All these numbers are entered in the several columns of the Table. The figures annexed to the Tables show by curves the changes of the received current. The abscissae of the curves correspond to intervals of time, and are taken from the fourth column. The ordinates correspond to the strength of the received current at each moment, reduced to a percentage, and are taken from the eighth column. The ordi nates, instead of being measured from a true base-line, are measured from a horizontal dotted line, of which the ordinate is 50.
The dots first entered (Table IY . ) appear as an even wavy lin e ; the lowest point of each wave is 10 parts, and the highest point parts below the dotted line, corre sponding to the true ordinates from the base, viz. 40 and 42-|-. The top and bottom only of the waves are fixed by the observations. The second kind of signals are called dashes, because if sent through a short cable or air line, they would print a succession of dashes or lines, separated by short spaces equal to those separating dots sent at the same speed. To do this the contact with earth is made the same as for a dot, but the contact with the battery is made twice as long. Examples of the dash will be found in Tables V I. and X III. The effect of combining these two primary signals was tried by sending alternate dots and dashes; the results are entered in the Tables. The effect of one complete cycle of operations is shown in the figures annexed to the Tables by that part of the curve drawn with a thicker black line. Thus in the second dot and dash curve of Table IY . the dot curve begins with the ordinate 53'2 ; the first battery-contact slightly increases the current, till the ordinate of the top of the dot curve becomes 55*5. The first earthcontact diminishes the current, so that the ordinate at the end of the dot or beginning of the dash curve is 48*0; the next battery-contact, being a long contact, raises the dash curve to 61*7. The second earth-contact lowers it to 53*2, when the cycle recommences.
The numbers in the two last columns of the Tables TV., V I., X III., and X IV ., with the figures annexed, are all directly comparable, for they all represent the results reduced to a percentage, and are consequently constant for each length, being independent of any change in the battery.
These observations do not give the retardations properly so caHed, i. e. they do not show the time separating the contact made at A from the effect produced at X , but they establish several conclusions of greater importance than the knowledge of this retardation. I t will be seen ( Table V I.) that when 66 dots per minute were sent into 1802 knots of cable at A, a constant current was received at X , in which no oscillation could be seen corresponding to the signals sent*.
The same phenomenon was observed with 2192 knots in circuit, when more than 50 dots per minute were sent. The effect produced at X by these rapidly repeated dots was almost exactly that which would have been observed if the cable at A had been permanently connected with a battery of about 30 cells. In moving the Morse key up and down, a little time elapses between the contact with earth and that with the battery, during which the cable is really insulated at A. This lost time caused the received current to be equal to only 41*6 in one case and 42*9 in the other instead of 50 per cent, of the maximum permanent current, as would certainly have been the case if the sums of the battery and earth contacts had respectively occupied exactly the half of each minute.
* The immobility of the spot could not be accounted for by the inertia of the mirror and magnet, which, when in vibration, moved so rapidly that the oscillations could not be counted. Similar observations made with a galvanometer, the needle of which oscillated slowly, would lead to most erroneous results.
I t is certain that in the two cases named the received current did not vary 1 per cent.; here therefore we find one positive lim it to the rate o f transmission. No doubt oscillations of considerably less than 1 per cent, might be observed and recorded by employing a more sensitive instrument and stronger batteries; but we clearly see that the useful effect produced rapidly decreases as the number of signals per minute increases, and therefore that, however sensitive the instrument and powerful the battery, signals sent at more than a certain rate will fail to cause any appreciable useful effect at the receiving en d ; and we may safely conclude that in all submarine cables there is a limit to the number o f signals which can be sent per , a lim it which cannot be exceeded by any ingenious contrivance.
Fifty-six dots per minute were distinctly visible when sent through 1802 knots, and 40 dots when sent through 2192 knots. The mean strength of the currents showing these dots is less than half the maximum permanent current, because of the time lost in moving the Morse key, as already explained. The curves showing these dots appear therefore below the dotted line representing the middle of the scale.
As the speed of sending decreased, the amplitude of oscillation of the spot or varia tion of the current increased, but the mean strength of the current remained nearly constant.
W hen dashes were sent (i. e. when the length of the battery-contact was made twice as long as the earth-contact), the mean strength of the received current was much higher, being above the middle of the scale.
The effect of dashes could thus, and thus only, be distinguished from that of dots sent at a lower speed. For instance, dashes sent through 1802 knots (Table VI. ) when the metronome beat 84 caused a 6 per cent, oscillation, and dots sent when the metronome beat 60 caused very nearly the same oscillation; but the strength of the current due to the dashes varied from 53^ to 59^-, whereas that due to the dots varied from 43 to 49. In the corresponding curves the dashes appear above the dotted line and the dots below. This effect will be easily understood when it is remembered that while dots are sent, the end A of the cable is altogether in contact with the earth for nearly half of each minute, but when dashes are sent, it is in contact w ith the earth for only about one-third of each minute.
W hen the dot and dash are sent alternately, the effects, differing considerably from those produced when each is sent continuously, can be best studied in the curves annexed to the Tables.
The top of the dot curve is higher, and the bottom does not go so low as when dots only are sent, whereas the top and bottom of the dash curve are both lower than when dashes only are sent; but the bottom o f the dash curve does not go so low as the bottom o f the dot curve. This was seen in every instance, but was most apparent at the higher speeds.
The strength of the received current due to the long battery-contact during the dash is naturally greater than that caused by the shorter contact during the d o t; and as the connexion with earth after the two signals is only of equal duration, it is clear that the received current will not fall so low after the dash as after the dot, and this is precisely the effect shown in the curves. The beginning and end of the dot are at different heights, and similarly the beginning and end of the dash are at different heights, making altogether a very irregular curve, especially at the higher speeds.
This irregularity very seriously interfered with the distinctness of the received signals, although the change of current could be followed throughout by watching the spot. At a high speed the dot appeared as a mere pause followed by a fall, instead of a little rise followed by an equal fa ll; and if the dots and dashes had been irregularly combined, it would have been impossible to disentangle them, as received, by the eye. I f a receiving instrument had been used like the common Morse receiver, simply marking the time during which the received current was above or below a given strength, the signals would have failed to give any intelligible record even at a very low speed: this is shown by the fact that it is impossible to draw a horizontal line intersecting both the curve of repeated dashes and that of repeated dots, even for the very lowest speeds recorded in each Table. Thus, long before the limit is reached at which signals cease to produce any change at the receiving end, the interference of one signal with another causes so great a con fusion in the currents received as to put a fresh limit to the practicable speed of trans mission.
This confusion is still further increased by the effect of a pause in the signals between letters, words, or sentences.
During all intervals the cable is left in connexion with the earth at A ; and if the pause lasts a little while, the current at X falls to nothing, or nearly nothing, when the effect of the first signals sent is to cause an unintelligible succession of sudden incre ments in the received current, until, after a certain number of contacts, a permanent mean strength of current is attained, at which regular signals might become intelligible. The higher the speed the greater the number of contacts required for this purpose; for instance when 1802 knots were in circuit, the following The curve in fig. 3 , Plate XLIX. roughly represents the variations of the received current when the operator begins to send the dots regularly through a cable which has been fully discharged. Similar but converse effects would be observed if the line were left long in contact with the battery before the signals began.
This irregularity has hitherto put the practical limit to the rate of transmission through long submarine cables. W hen this rate is exceeded, a dot sent may at one time cause a great rise in the received current, at another time it will barely arrest a fall, and thus similar signals at one end are found to produce utterly dissimilar effects at the other. No change in the battery has the smallest effect on this interference, nor can any delicacy in the receiving instrument disentangle the confusion, which, it should be observed, is totally distinct from the retardation of the signals.
I t would m atter little that signals should appear in America even a minute or so after they had been made in England, provided the same signal at the sending end always produced the same effect at the receiving end. The experiments show how far this is from being the case.
The usual mode of avoiding this confusion is to signal at so slow a rate that every dot causes a very large percentage of variation in the received current, while the dash causes nearly the maximum current which would be received from a permanent contact with the battery.
In air lines, or in short submarine cables, or in long submarine cables with large con ducting wires thickly covered, this plan does not entail too slow a speed for practical w ork; but to avoid confusion in this manner when working through 2200 knots of the Red Sea cable, it would be necessary to reduce the speed to less than 10 dots per minute, whereas 40 dots or more could be received but for the interference.
Hence we conclude that there is a wide margin between the lim transmission by the gradual diminution o f the received signals and that set by their inter ference.
I f interference could be prevented by any change in the signals, it was clear that the capabilities of any given cable would be increased at least fourfold.
Reverse currents have been much advocated, on good authority, as a means of greatly increasing the rate of signalling, and their effect was therefore examined, although it was not thought probable that the interference would be diminished by their use. By " reverse currents" the use of alternate positive and negative currents is meant. The negative current substituted for the earth-contact is supposed by its advocates in some way to clear the line and prepare the way for a positive signal.
The connexions used during the experiments on " reverse currents" are shown in fig* 4, Plate X L IX . The first contact sent a positive, and the second contact a negative current through the line.
The effects of single and reverse currents were directly compared on 1165 knots of cable. Tables "VIII. and IX. show observations of the arrival-curve and signals when a positive current from 72 cells and an earth-contact were used. Tables X. and XI. show a similar set of observations when a positive current from 42 cells and a negative current from 30 cells were used. By keeping the same total number of cells in each case, the difference of potentials between the two sources of electricity alternately in connexion with the line was maintained nearly equal. Tables V III. and IX . are similar to those already described.
The observations in Table X . were made in almost the same manner as those in Tables V III. and IX ., but the following description may make the meaning of the entries more distinct.
The Morse key when untouched left the negative battery connected with the line, and the spot of light then stood at 113 divisions to the left of zero ; when the key was permanently pressed down, the spot stood at 157 divisions to the right of zero* All deviations to the right are entered as positive, those to the left as negative. Four seconds after the key was pressed down, the spot passed the 100th division to the right ; four seconds after the key was released, it passed to the 60th division on the left. In the first case it had traversed 213 divisions in four seconds, in the second case 217 divi sions, or 78-8 and 80*3 per cent, respectively of the sum of the two deflections 157 and 113.
On examining the last columns of Table X . we find that in any given time after moving the key, the spot traversed an equal length of the scale whether the change was from positive to negative or from negative to positive, or, in other words, rate o f decrease in the current received at X after contact had been made with the negative battery at A fo r a given time was the same as the rate o f increase observed after making contact at A with the positive battery fo r an egual ,-a conclusion exactly analogous to that arrived at when single currents were used.
Moreover, comparing the last columns of Tables V III. and X., we find that the spot traversed the same distance in the same time in each case, and therefore that the rate of increase and rate of decrease, caused by reverse currents * is exactly the same as that observed when single currents are used.
The arrival*curves from the two Tables are shown in figs. 5 & 6, Plate X LIX . The curves are identical in shape, and differ only in their position relatively to the zero-line.
Thus the ratio between the ordinates of the arrival-curve is the same whatever the two sources of electricity at A, or the potential of the earth at X may be.
Hence we conclude, 1st. That the absolute change in the strength of the received current during a given time after a change in the contact at A, is not influenced by the potential maintained at X, but is simply proportional to the difference of potentials or electromotive force between the two sources of electricity alternately connected with the cable at A.
2nd. That the rate of change is independent of the potentials both at A and X. I t was now clear that the alternation of negative and positive currents could have no effect on the rate of signalling, but to avoid all cavil a few experiments were made with the usual signals.
The results are given in Tables IX. and X I. The signals sent by the reverse currents mdccclxii.
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were a little above the zero-line, those sent by the single currents were, as usual, near the middle of the range. This was the only difference observed; the amplitudes and relative position of the dot and dash were identical. The use of reverse currents, therefore, does not alter the lim it set by the gradual diminution o f the received , nor that set by their interference.
I t is just possible that some small effect may be produced by a difference in the insu lation when reversals are used, but there is no reason to suppose that this difference would be in their favour.
Abandoning reverse currents, the author was led to seek some other remedy for the confusion observed. One phase of this confusion m ight be described by saying that the mean strength of the current rose above 50 when dashes were sent, and fell below it when dots were sent, so th at the dots and dashes appeared on different parts of the scale. The high position of the dash was due, as has been shown, to the comparatively short contact at A with earth after the long battery-contact. By making the second or earth-contact longer, the dash would be brought down in the scale. I f the earthcontact were made equal to the battery-contact, the dash would simply become a dot sent at a slower rate. The mean strength of the current during the slow or long dots would be the same as th at during the quick or short dot. The bottom of the long dot curve would be lower than the bottom of the short dot curve, and therefore, when the long and short dot were combined, there would still be considerable confusion. More over, if a Morse receiver or analogous instrum ent were used, the spaces separating the long dots would be twice as long as those separating the short dots, and this unequal spacing would cause fresh confusion.
These effects, consequent on making the second contacts always equal to the first, were well seen when the signals called As were sent*. The tendency observed in the original dot and dash was over-corrected. The dash now fell too low, and the dot nut low enough, so that the confusion was nearly as bad as before; but the required cor rection was clearly enough pointed out. If, instead of keeping the mean strength of the current constant, the current at the end of each signal could be kept the same, the passage from one signal to another would cause no confusion, for the beginning or end of a dot would be exactly like the beginning or end of a dash. I t was plain that the current at the end of a dash could be brought to any required point (and therefore to the point at which dots finished) by simply altering the proportion of the second to the first contact. Experiment had shown that the second contact was too short when made only half the length of the first, and too long when made equal to the first; no doubt some intermediate length would fulfil the required condition that the dashes should begin and end at the same division of the scale as the dots. The experiment required to prove this could clearly not be tried by aid of the metronome, and the appa ratus shown in fig. 8 was therefore arranged so as to make contacts of any required proportion.
* So called because the dot and dash, followed by a short pause, represent the letter A in the Morse alphabet.
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A strip of paper (figs. 8 & 9, Plate L.) was prepared with two parallel rows of alternate holes. This paper was joined so as to form an endless band, and was drawn by the roller E-under two little bent wires b and e, placed abreast, so th at each altern contact with the metal plate L through one of the holes in the paper. The plate L was connected with the cable, the wire b with the battery, and the wire e with earth. As the paper was drawn along under the wires, the alternate battery and earth contacts sent signals through the cable, and the length of the holes in the paper determined the relative length of the contacts.
The first or battery-contact was made through the upper row of holes ( fig. 9) , th e earth-contact through the lower row. Dots were sent by two equal holes, dashes by two longer holes, of which the upper bore to the lower the proportion of 5 to 4, corre sponding to the relative length of contacts desired. The length of the two dash con tacts was made equal to two pairs of dot contacts.
I t was expected th at if the right proportion between the first and second dash contacts had been adopted, all confusion from irregular combinations would be avoided; but during any pause, such as is practically required to separate groups of signals, the spot or current would still fall towards zero if the line were left in contact with the earth (or even if insulated at one end), so th at the first signals sent after a pause would still cause mere irregular and unintelligible changes in the received current. To avoid this second source of confusion, it was necessary to maintain the received current, during any pause, at the constant final strength to which it returned at the end of each oscil lation during a series of signals.
I f this were done, the first signal would begin where the last left off, and each signal might be expected in all cases to produce one invariable and intelligible effect.
There were two obvious means of keeping up the current during a pause. The line might be left in contact with a third source of electricity* ju st sufficiently powerful to maintain the required strength of current, or a very rapid series of contacts m ight be made alternately with the full battery and with earth. Experiment had shown th at such a series of contacts would maintain the current at the receiving end sensibly con stant, and the strength of this constant current could be easily adjusted by varying the proportion between the first and second of these very short contacts, increasing the length of the first contact to raise the current, and increasing the length of the second contact to lower the current.
This second plan was easily carried out by the perforated paper. W here a pause was * W hen reverse currents are used, if the line is put in contact with earth during a pause, the confusion of the first signals will be much lessened; the earth then acts as the third intermediate source o f electricity alluded to in the text. This plan has to some extent been adopted in practice by Messrs. Siemens and H alske, by means of a key invented by Mr. L. L oeefleb. This benefit, which may perhaps account for the fancied superiority of reverse currents, might be equally obtained with simple currents by connecting the line during each pause with half the battery. Mr. C. P. T ablet informed the author that he also has used a similar key for a considerable time.
6 u 2 required, little holes were cut in the paper to make contacts in pairs, each pair half the length of those used for a dot. In fig. 9 these short openings are shown where the word " space" is written. This arrangement was perfectly successful with 1500 knots in circuit on the very first tria l; and although other strips of paper were tried with other proportions between the contacts, none gave better results than those first adopted. W hen the paper was steadily drawn along, the signals appeared on the galvanometer with all the regularity that could be wished: during the pauses, the light stood trem bling at one division on the scale, a dot caused a slight rise followed by an equal fall, and the dashes produced a greater and longer oscillation, at the end of which the spot always returned to the one constant final strength.
A still more decisive test was next made, by substituting a relay and Morse marker for the galvanometer; fig. 10 , Plate L. is an exact copy of the signals which were then received, and shows faithfully the slight irregularities which did occur. The only serious flaw in the whole set of signals is shown at the beginning, between A and B, where some dots and a space contact made only unintelligible marks. This flaw invariably occurred at the same place ; it was shown equally by the galvanometer and the relay, and for some time the cause could not be discovered. By carefully watching the paper strip, it was at last seen that when the joint of the endless band passed through the rollers R ( fig. 8 ) a little hitch or pause occurred, and th at this slight irregularity of speed caused a corre sponding confusion in three signals. This accident showed the accuracy of proportion required between the various contacts.
Taking this hitch as the beginning, we next see six well-spaced dashes, three pairs of dots and dashes, one space, one dot, one space, one dash, a long pause, a dot, a long pause, a dash, a short pause, a dot, a dash, and a succession of dots.
In this series every possible difficulty which could arise from interference or con fusion was encountered and successfully overcome. The rate was about forty-five dots per minute, and the oscillations for a dot must have been about 5 per cent.* Signals sent at a much higher rate could have been distinctly received, but the drawing-rollers could only be driven at one speed.
The apparatus was next tried with 1800 knots in circuit: the signals could be read without difficulty on the galvanometer; but to increase the range and ,to facilitate the adjustment of the relay the battery power was increased, when not only could the regular dots and dashes be received, but even the short space contacts gave distinct legible signals; so that the three sets of signals of three different lengths appeared, without confusion, recorded by the relay. The shortest signals were received at the rate of ninety per m inute; and from Table VI. it will be seen that even sixty dots per minute through this length reduced the oscillations to less than 1 per cent, of the per manent maximum strength. Hence we may conclude that, by the means , or by analogous means, signals can be sent without confusion at any speed which will allow the shortest signals used to cause a sensible variation in the received . The cable was available for a few days only, the apparatus used was very imper fect, the paper frequently tore, the openings in it were cut by hand one by one, the speed of the drawing-rollers was far from regular, the relay was difficult to adjust, owing to residual magnetism in the electro-magnets, and the author could give but a small part of each day to the experiments; in spite of these disadvantages, the results obtained were so definite as to leave no doubt of the im portant conclusion stated above.
No further experiments could be m ade; but indeed no further improvement appeared possible, except in the mechanism for making the required contacts, and in the choice of signals which should give the greatest number of words with the smallest number of currents. Neither of these points can fitly be treated of in the present paper.
Before proceeding to compare the results obtained with the deduction from mathe matical theory, or to apply the conclusions to cables in practical use, it will be well to consider how far the special disposition of the cable may have affected the value of the experiments.
The experiments were made through dry cables, lying in large close coils, whereas the cable when in use lies extended under water. I t is found in practice th at the insu lation and charge of an iron-cased cable is little affected by submersion; but coiling is generally believed to cause an additional impediment to the transmission of signals, and it might certainly be expected that this difference of condition would cause some discrepancy between the experiments described and the results of practice: but since the mathematical theory is framed to meet the case of a submerged and extended cable only, whenever the conclusions experimentally deduced are found to be in accordance with the deductions of theory, it is clear that the experiments and the theory mutually confirm one another, and that the conclusions may be safely applied to the practical case of an extended and submerged cable; for it is impossible to suppose that the dry and coiled state of the cable, not contemplated in the theory* should nevertheless exactly compensate its errors, or that results due only to an accidental arrangement of the cable should by chance coincide with deductions from a defective hypothesis.
W hen, on the other hand, the results 6btained differ from those given by theory, or even when the theory affords no confirmation of the experimental conclusions, we must forbear to extend these conclusions to the practical case of a straight cable,
The arrival-curve obtained by experiment is similar in general appearance to that given by Professor T hom son in " The Theory of the Electric Telegraph*." The iden tity of the curve obtained from the increase with that obtained from the fall of the received current, follows from equation (3.) in the same paper. The described effects of using alternate currents follow from the principle of superposition, by which also the effects of the increased speed might be shown in diminishing the received signals.
An example of the confusion arising from interference between successive signals has been given by Professor T h o m so n in his evidence before the Committee appointed by the Board of Trade to inquire into the construction of submarine telegraph cables. Professor T h o m so n has also informed the author th at the compensation derived from experiment, as explained above, is such as theory would demand, b u t that he has not yet verified the exact proportion required between the first and second contacts*.
Thus every conclusion hitherto stated is in accordance with the mathematical theory, and may therefore without hesitation be applied to submerged and extended cables.
The arrival-curves ( fig. 7 , Plate L.) do not, however, accurately correspond with that given by Professor T h o m so n . The dotted line shows the calculated curve, drawn so as nearly to agree with the experimental curve from 2192 knots, at its origin; the differ ence between the two curves towards the end is very great. The experimental curve approaches its limiting height much too slowly after the first few seconds ; one part of the curve from 1006 knots is shown on the same figure, and by theory the abscissae of the two curves corresponding to equal ordinates should be directly as the squares of the lengths. A t the origin of the curves this is approximately the case, making a small allowance for the constant resistance of batteries and instrum ents; but towards the end of the curves this is far from being the case. Some of the causes of the discrepancy may disappear in straight cables, bu t meanwhile the constants required in the mathe matical theory cannot be with confidence derived from these curves or Tables.
I t is generally believed th at coiling increases the retardation, and the curves obtained m ight be pointed to as confirming this opinion. I t is certain that a m utual electro magnetic induction of considerable importance does occur between the different parts of the coils f , and probably some part of the discrepancy between the observed and calcu lated curves is due to this cause. B ut the varying resistance of gutta percha, unknown when the theory was framed, also accounts for a considerable difference between the results of observation and calculation. The allowance to be made for a constant uni form leakage such as would occur if the resistance of the gutta percha were uniform, is described by Professor W . T h o m so n in the " Theory of the Electric Telegraph; ? but the author of the present paper discovered th at the resistance of gutta percha, such as was used for the Bed Sea cable, increased more than 60 per cent.J during positive or negative electrification, and that a great part of the observed change was completed before the end of the first minute after the cable was connected with the battery. This gradual improvement of insulation would gradually increase the received current long after all inductive phenomena had ceased. For instance, the resistance of the total gutta-percha sheath of 2192 knots at 60°, after negative electrification for about 15", would be 1 04x l O 10 absolute British units; after one minute, this resistance would increase to 132 X lO 10. The resistance of the conductor was about ,55.x 101#.
I f the insulation had remained constant at the first-named figure, the final maximum arriving current would have been only 78*4 per cent.* of the entering current; and if the insulation-resistance had remained constant at the second figure, the final arriving current would have been 82*4 per cent, of the entering current. I t is not therefore surprising that the observed curve, subject to the influence of imperfect and varying insu lation, should not more perfectly coincide with the theoretical curve, in which perfect and constant insulation is assumed. W hen allowance is made for the change in the enter ing current due to the change in the total resistance of the circuit caused by the change in the insulation-resistance from 104x l O 10 to 1 3 2 X lO 10, the final arriving current with the lower insulation would by calculation be about 97 per cent, of the arriving current with the higher insulation, and this proportion very exactly corresponds with the slow increase observed during the last forty seconds of the minute. This increase has there fore no connexion whatever with the retardation properly so called.
The identity o f the curve o f increase with the curve o f decrease seems to show that the apparent increase o f the resistance o f the gutta is rather due to an absorption o f electricity which is again given o u t , than to a real change in the co material f .
The effect of varying insulation would be much less felt during the actual trans mission of signals, for then the greater part of the cable is constantly electrified in one manner, and the resistance of the gutta percha under such circumstances remains sensibly constant; we m ight therefore here expect a better agreement between theory and observation.
In order to examine the results of the experiments on repeated signals, the number of dots sent per minute, and the corresponding amplitude of oscillation observed in the received current, m ight be used respectively as abscissae and ordinates,, to give a curve expressing the rate at which, for each length of cable, the effect of the signals dimi nished as their speed increased; but, by the mathematical theory, the time required for any electrical operation varies as the square of the length of the cable. The product of the square of the length into the number of dots producing a given amplitude of varia tion should therefore be constant for all lengths of the same cable; and by using this product as an abscissa, instead of the simple number of dots, one curve should give the amplitudes for all speeds through all lengths of cable; and conversely, the observations made on various lengths should, when thus geometrically represented, agree in defining one curve. The agreement between theory and observation may be very readily tested by comparing the observations through various lengths in this manner. But Professor T hom son has also stated *, as a development of the theory, that if the resistance of the battery and receiving instrument bear but a small proportion to the total resistance of the cable, their effect in retarding and weakening the signals will be sensibly the same as that of adding an equal length of actual cable with its usual electrostatic capacity. (Evidence before Board of Trade Committee.) I t will thus be necessary, in comparing the observations, to add in each case 160 knots, equivalent to the resistance of the battery and galvanometer, to the length of the cable. Table XV . and fig. 11 , Plate LI. show the results of the comparison. The first and second columns of the Table give the number of beats and corresponding amplitudes, extracted from Tables IV ., V I., and X III. The third column contains the product of the number of beats into the square of the length of the cable. The fourth column gives the similar product when 160 knots has been added to the length of each cable.
Eig. 11 gives the geometrical representation of the observations made by using the entries in the second and fourth columns of the Table as ordinates and abscissae  respectively. The star, cross, and circle respectively denote observations with 1500, 1802, and 2192 knots in circuit. All these marks fall sensibly on one curve,
affording a perfect experimental p ro o f that the rate o f transmission does vary inversely as the square o f the length, whether by rate o f transmission be meant that speed at which the repeated signals f a i l to produce any sensible e f f e c t , or the rate producing so great common hand signals can be received without confusion.
Moreover, it will be found that the curve is more accurately defined by taking the abscissae from the fourth than from the third column; verifying Professor T hom son's conclusion as to the effect of the resistance of the battery and receiving instrument. These points have been much debated, but no doubt should now be felt of the sound ness of the theoretical conclusions.
• The above is neither the only nor the most remarkable confirmation of the mathe matical theory. Professor T h om so n has been so kind as to give the author a Table  ( XVI.*j') of calculated ordinates for the curve in question^. The full black line ( fig. 11 ) was constructed from this Table, and coincides with the recorded observations in the most striking m anner; no more perfect verification of complicated mathematical calcu lations was probably ever obtained by experiment.
The curve shows at once the relative number of signals per minute which will pro- duce the various amplitudes in any one length of cable; thus we see that if an ampli tude or variation in the received current of 1 per cent, will suffice for distinct signals, twice as many signals can be sent through any given cable as if an amplitude of 7 per cent, is required, or four times as many as if an amplitude of 25 per cent, is required. The latter amplitude is probably necessary for hand signalling, but our experiments have shown that less than 1 per cent, is sufficient when a proper compensation is made. The coincidence between theory and observation places it beyond doubt that the curve truly expresses the relation between the speeds and amplitudes for straight as well as for coiled cables; and if the amplitude at any one speed through any one straight cable were known, the amplitude at any other speed through any other cable of the same materials might be calculated from the curve with certainty; but unfortunately this fact is wanting. There is no proof that the absolute amplitude observed through the coiled cable would remain unaltered if the cable were extended; on the contrary, it is very generally believed that it is easier to signal through a straight than a coiled cable; and if this be so, the amplitude would increase as the cable was laid. Although, there fore, the constants for the mathematical theory might easily be calculated from the values of the coordinates of the curve given by the observations, these constants would probably be inapplicable to straight cables. Assuming, however, for a moment the identity of a coiled and extended cable, it may be interesting to calculate the amplitudes which would correspond to the rates of signal ling recorded for various cables.
For the Red Sea cable the amplitude is found by taking the ordinate corresponding to the abscissa given by the product of the square of the length into twice the number of dots per minute. The speed giving the same amplitude through any other cable of different dimensions, but of equal length, is obtained by a simple proportion.
The author has been informed that ten words per minute have been sent through 640 knots of the Red Sea cable, but that seven words was the more usual speed. The former would correspond to an amplitude of 20 per cent, for the dots*, the latter to about 35 per cent. I T word per minute was sent through the Atlantic cable and received by a relay; this speed would correspond to an amplitude of about 8 per cent.; 2'4 words per minute (the ordinary rate of signalling from Newfoundland having been forty-one dots per minute) were received through the same cable by Professor T homson's galvanometer f, corresponding to an amplitude of little more than 1 per cent.
Ninety dots per minute, the speed of the message sent by the perforated paper, would, * Seventeen dots per word. t An instrument similar to that used in this research: the observer could therefore follow every change in the received current, and disentangle the meaning of signals which would have produced only hopeless confusion on a relay, or other instrument with a fixed zero.
MDCCCLXII. 6 X for 1802 knots, give by the curve an amplitude of 0*3 per cent, only, and there is no reason to doubt this estimate.
In conclusion, the experiments, so far as they went, were successful. They have shown the relative effects of signals transmitted at various speeds through various lengths; they have shown how little the results are affected by changing the power or arrangement of the batteries; they have shown the nature of the ultimate limit set to the rate of signalling by the gradual diminution and disappearance of the signals, pre ceded by their mutual interference.
The coincidence between theory and observation on these points gives good proof of the soundness of the theory, and permits the extension of the conclusions to the case of a submerged and extended cable. The experiments have also given well-defined curves fully expressing the retardation experienced through the cable as it lay in coils; but owing to this arrangement, the observations cannot be said to fix either the retardation or the absolute effect of signals through a straight cable. A few observations made in the same manner on a sound cable in actual use would be sufficient for this purpose.
Finally, the research has proved that the rate of signalling through a given cable can be very materially increased by removing the confusion or interference of successive signals, and has led to the discovery of one method of effecting this object.
In the present paper, the phenomena depending on the length of the cable, together with the rate and manner of signalling, have alone been considered. The absolute measurement of the effects depending on the materials and dimensions of the insulated conductor will probably form the subject of another research, completing the practical examination of the mathematical theory. | end of line.......................................................... J ---200 -210 W e can pass from this case to that of a finite cable of the length l with one end in connexion with the earth by the device of electrical images.
I -----------------------------------------------------------------------
Superimpose two potential curves satisfying equation (2.) with equal but opposite potentials + Y and -V at their origins O and O,. Let these points be situated at a distance 2 lapart, and let the curves extend from their origin to meet and cross on another. The resultant potential will necessarily be zero halfway between O and 0 " and the resultant curve between this point and each origin will represent the variation of potentials in a cable of the length lwith one end in the origin at a certain positive or negative potential.
By putting these results into a mathematical form, we obtain from equations (1.) and(2.), Explanation o f T able XVI. Table XVI ., given to the author by Professor W . T homson, will now be shortly explained. The author will not enter into any detailed explanation of the theory by which the results contained in the Table were obtained, as these results are the direct mathematical consequences of the equations given in the papers already alluded to, and as Professor T homson will probably himself publish the full mathematical development of the theory.
The first column headed © contains a series of " times" occupied by the full periods of electric operations, each of which, when continually repeated, produces a succession of equal and similar rises and falls in the received current, or of " dots" as they have been hitherto called in this paper. The series begins with the shorter and ends with the longer times, or, in other words, begins with the more rapid and ends with the slower speeds. The numbers in the first column are numbers measuring the times of the periods in terms of a certain quantity a taken as unity. The actual time in seconds occupied by each period or cycle of electric operations corresponding to the series in the first column is equal to the numbers entered there multiplied into «. This quantity a is equal to
• log, (lCF*), where c = the electrostatical capacity of the insulated wire per unit of length in absolute electrostatic measure;
h -the resistance of the conductor per unit of length in absolute electrostatic measure; l =5 the length of the conductor. a varies therefore for every cable and for every length of the same cable. The meaning of this quantity will be best explained by the following extract from a letter of Professor T homson's to the author:--" a, in definite absolute measure, means the tenth part of the time in seconds in which a simple harmonic electrification established in the wire and left to itself (two ends to earth) would subside to y^th of its amount. Thus in the time a, an harmonic electri fication subsides to of its amount. The subsidence here spoken of is the gradual loss of charge by conduction out through the ends to earth." Now let the electrical operation producing the dot be a simple harmonic variation of the potential at one end while the other is connected to earth ri. e. let V = A sin q-, where V = the varying potential, A = a constant, and ^ = any function of the whole period^ .
Then, measured as a fraction of the maximum current which would be received if the maximum potential A were constantly maintained at the sending end of the cable, the difference between the maximum and minimum received current will be the reciprocal of the number entered in the third column; or translating this into the language used in the paper, the reciprocals of the numbers in the third column give the amplitude of the dot measured as a function of the maximum permanent current*. For instance, if each dot occupied a period a, the amplitude of variation in the received current would be ■ g^th of the maximum permanent current, pr would be 0-02956 per cent, of that current. The fourth column is obtained by multiplying the numbers in the third column into a constant 7. The numbers so obtained express the reciprocals of the amplitudes which would result if, instead of being subjected to the harmonic variation previously described, the end operated on had been maintained at the maximum potential for the first half of the periods 0 , and at the minimum during the second half. This was precisely the condition fulfilled when dots were sent in the experiments described. The potential of one pole of the battery was maintained at the sending end of the cable during one half of each dot, and the potential of the earth was maintained during the other half. The fifth column contains the product of the reciprocals of the numbers in the fourth column multiplied into 100, and gives therefore the amplitudes produced by dots made as in the experiments occupying the various periods in the first column, and these ampli tudes are moreover expressed in percentages of the maximum received current, as in the rest of the paper.
The product of the reciprocals of the times entered in the first column, multiplied into 60, will give a series of numbers corresponding to the number of dots per minute in terms of a. This series, expressing " speeds," is entered in the sixth column.
The numbers in the fifth and sixth columns used as coordinates give the curve, shown in fig. 11 , Plate LI., corresponding most accurately with the observed speeds and ampli tudes.
The scale of amplitudes, shown in full lines, corresponds to the numbers in the fifthcolumn, and the scale of times, shown by dotted lines, corresponds to the values of when a is taken as unity.
When in any case the amplitude corresponding to a given number of dots is known, the actual value of a can at once be determined from this curve. Thus observation ( Table IV.) showed that for a length of 1500 knots of cable + 160 knots of resistance, with 92 beats or 46 dots per minute, the amplitude was 5 per cent., and by the curve we find that this amplitude corresponded to a speed of 16*4X -; hence 46=16*4X^, or a=0"-3565f.
From this value the electrostatical capacity per unit of length, and the specific inductive capacity of the dielectric could be determined. These points will, however, be more fully treated of in the second part of this paper.
Quite similarly, if a be known, the number of beats per minute corresponding to any amplitude could be determined; but, practically, os need not enter into the calculation when treating of any given cable. The speed, amplitude, and length are here the three elements of every problem, and when two of these are known the third can be deter mined ; but here it may be observed, that as the speed, multiplied into a, is constant for each amplitude, so will the speed, multiplied into the square of the length, be constant for each amplitude, and the scale of abscissae may be so chosen as for any one cable to give directly this product by simple inspection.
I t is this scale for the Red Sea cable which is drawn at the foot of the curve, fig. 11 , and which enables the number of dots corresponding to every amplitude to be ascertained directly, and it is by this scale that the dots, crosses, or circles from Table XV . are put on the figure.
When, as in the present paper, the speed is taken as twice the number of dots, and the unit length is one knot, the ratio of the two scales must clearly be such that if Thus, taking a length of 1000 knots and a speed of 100 dots per minute, D = 2 x l 0 8, d = 12*6, and hence a = 0 T 2 6 ; and the same value would be obtained whatever number of dots had been chosen. This may be looked on as the mean value of a determined from twenty observations, since this ratio of the scales brought all the various circles, crosses, and stars into the closest approximation with the curve. The values of a for any other length are inversely proportional to the square of the lengths.
The algebraic headings of the different columns will allow them to be still further extended by those who may require to use the Table, as they virtually contain the equation of the curve.
